A bendable load stiffened wing, developed at the University of Florida, has the ability to load stiffen in the positive flight load direction while remaining compliant in the opposite direction, enabling UAV storage inside smaller packing volumes. The wing employs an under-cambered airfoil with a swept planform providing dissimilar stiffness in the flight load and the folding direction. A comparative experimental study is performed using two wing geometries; straight camber and swept camber. The load stiffening ability is tested by performing three point bend tests while monitoring the wing root airfoil shape change using a visual image correlation technique. For the wing utilizing a swept camber design, increase in the root airfoil camber with increased loading resulted in a load stiffening structure. Swept camber wing showed a higher load carrying capacity (7 g's load factor) over a straight camber wing design (2 g's load factor), still maintaining the compliant nature in the folding direction. Long term storage induced creep deformations are small in both of the wing geometries. By increasing the wing stiffness, sweepback helps in reducing spanwise residual creep strain. Wind tunnel tests at Re = 7x10 4 of both the straight camber and the swept camber wing show similar L/D ratios. The sweepback helps in improving the static stability of the wing. Thus the bendable load stiffened wing has a clear advantage of offering stiffness improvement and reducing storage induced creep residual strains while maintaining the aerodynamic efficiency and improving the static stability of the wing.
The wing shows an ability to load stiffen in the positive flight load direction, while still remaining compliant in the opposite direction, enabling UAV storage inside smaller packing volumes (Figure 1 ). The UF team has a US patent on the bendable wing concept [1] . Such wings are constructed from bidirectional plain weave graphite/epoxy composite shells, and can be rolled around the fuselage of the vehicle. This bendable wing concept has been demonstrated on vehicles that range in size from 6 to 36 inch (15 to 92 cm) wingspans and are capable of being packed within volumes of 3 -300 cubic inch [2, 3] (50 -5000 cubic cm). Such a MAV/ UAV configuration is desirable for a number of potential applications. These vehicles can be stored in a canister within the platform of a manned vehicle or a larger UAV. Vehicles have also been constructed with a bendable wing in order to fit into the cargo pocket of a soldier's battle dress uniform (e.g. Pocket MAV, Figure 1 ), providing reduced storage space and easy access to over-the-hill surveillance capabilities. The concept of rolling under-cambered, thin, flexible, monolithic composite wing around the fuselage, to reduce packing volume of small UAVs or MAVs, is very unique to University of Florida bendable wing micro air vehicle designs. Conventional methods used on some of the small and large UAVs use mechanical joints or depend on a mechanism approach for storing wings in smaller packing volumes. Spanwise mechanical wing folding has been proposed by many inventors [4] [5] [6] [7] [8] . Such spanwise folding wings come with a weight penalty due to the folding mechanism. Each additional fold, while reducing storage volume, also increases total weight due to the additional joints required. Deployment mechanisms become complicated with each additional fold increasing demand on the reliability of such mechanisms. A second set of mechanisms found in the literature use 'wing sweep or scissor wing' methods to store wings inside the aircraft fuselage [9, 10] . Even though such mechanisms give rapid deployment of wings, there is an associated weight penalty due to the heavier and stronger hinges that are required to carry the entire wing root bending moment. Telescopic wing concepts [11] are used to improve aircraft aerodynamic efficiency over large mission spectrum as well as to reduce aircraft storage volume. The associated weight penalty of the mechanism becomes one of the main design considerations.
Inflatable wing concepts, using textile and membrane structures that are deployed and supported by inflation pressure, have been proposed [12] [13] [14] [15] [16] [17] and used on UAVs [18] . With such a wing, stiffness is directly related to the inflation pressure. An increase in the wing loading requires an increase in the inflation pressure and possibly an increase in the wing material thickness. This in-turn increases wing weight as well as reduces aerodynamic efficiency caused by thicker airfoils. Weight additions caused by inflation mechanism reduces useful payload. Inflatable and rigidizable composite wings that do not require sustained inflation pressure after deployment have also been developed [19] . By rigidization the flexible inflatable wing is converted into a rigid composite structure after deployment by using several possible mechanisms, such as, thermal-chemical reactions, UV-chemical reactions and inflation gaschemical reactions. The limited aggressive flight load carrying capacity is one of the limiting factors of such a wing concept. Furthermore such wings are not readily reusable.
In contrast to many of the techniques discussed above, the bendable load stiffened wing concept does not involve any mechanical joints for folding, has a unique load stiffening ability built into it in order to carry increased or aggressive flight loads, and thus provides unique advantage of being a lighter wing structure capable of being stored into smaller packing volumes that can be reliably deployed and redeployed from a canister, many times.
The bendable wings utilize an under-cambered airfoil with reflex towards the trailing edge (TE) to reduce the need for a horizontal stabilizer. Previous studies [20] have shown thin under-cambered wings to be more efficient than those with significant thickness. Wings used in the present study utilize a maximum camber of 6% located at 22% chord and 2% reflex located at 83% chord, although different configurations are possible and might be useful from an increased load stiffening ability point of view. The airfoil has been developed by researchers [24] at UF, initially optimizing it for maximum L/D ratio at fixed angle of attack (6°) and Reynolds number (10 5 ). Reflex was later added in the airfoil to reduce the wing pitching moment. Due to smaller packing requirements of the MAV/UAV there are limitations on the horizontal stabilizer dimensions and its downstream spatial location. The addition of reflex in the wing design helps ease and meet these limitations. The resultant airfoil has been used successfully in the past on a wide variety of aircraft, including UF's 2005 International Micro Air Vehicle Competition (IMAVC) winning entries [2] .
Depending on the wing and the payload size, the bendable wings use one or more layers of plain weave carbon fiber epoxy composite with fibers running in ±45°orientation with respect to the wing center chord line. Stress analysis [3, 21] favors a ±45°orientation over a 0/90°orientation, owing to significantly lower stresses in ±45°orientation wing when it is packed inside a canister. Also, the reduced bending stiffness of ±45°orientation wing makes it easier to roll and allows its storage in weaker canisters. The shape and corresponding structural behavior of the wing then resembles a tape measure. A curved spring steel tape measure has the distinct characteristic of having high bending stiffness in one direction yet being compliant in the other direction. Compliance arises when the curved cross-section flattens out under a bending moment, effectively reducing the moment of inertia of the cross section. Likewise, the bendable-wings can be curled downward, which flattens the camber and the airfoil of the wing (Figure 2 ). The bendable-wings also exhibit high stiffness in the positive flight load direction. Initial generations of the bendable wing with straight camber experienced structural instability (snap through buckling) during extreme positive loads, e.g. pull-up maneuvers. To increase the stiffness of the wing, quarter chord sweep is added while keeping the airfoil constant along the span: the resulting geometry has load stiffening ability and is capable of withstanding larger flight loads. When a positive load is applied to the wing, the leading edge (LE) of the center portion of the wing would deflect downward, increasing the wing's centerline camber and moment of inertia. This results in a stable wing structure which becomes stiffer as the positive load is increased. Catastrophic buckling has never been encountered in flight with similarly load-stiffened wing designs. Quantitative analysis of this load-stiffened geometry is presented later in the text.
Although sweep-back helps in increasing load carrying capacity, it may reduce aerodynamic efficiency of the wing [22] , which is investigated here through wind tunnel tests. Storage-induced creep deformation is another concern. Depending on the mission mode, the application conditions may require storage of the vehicle from negative temperatures to elevated temperatures for extended periods of time. Initial rolling of the wing for storage into a canister introduces high bending strains in the wing. This combined with the viscoelastic nature of the material of construction (carbon/epoxy composite) and the potential extended storage at elevated temperatures necessitates creep characterization of the wing. Wing creep deformations might be excessive, affecting wing flying characteristics and potentially rendering the aircraft unusable or unable to reach the intended target.
The remainder of the paper is organized as follows: a brief description of the experimental wings is given followed by a description of the experimental setup and the results. A comparative study between two wings, one with straight camber and another with swept camber, is carried out. While both the wing geometries are bendable, the wing with swept camber is an example of a bendable load stiffened wing. Wing compliant nature is demonstrated, its load stiffening ability and full-field basis permanent deformation caused by storage induced creep are measured. The work concludes with a series of wind tunnel test results, comparing aerodynamic performance of the experimental wings.
EXPERIMENTAL BENDABLE WINGS MANUFACTURING
For quantitative comparison, two wings are designed, one with a straight camber (0°sweepback) and other with a swept camber (15°sweepback, measured at the quarter chord location). The wings have a 24 inch (61 cm) wing span, 7 inch (17.78 cm) root chord and an aspect ratio of 4.36. The wings can be rolled and stored in a canister of 4.5 inch (11.43 cm) inner diameter. Both the wings are designed with the same airfoil shape, discussed in the earlier section, at each spanwise station. The sole difference between the two wings is the sweepback angle. When the same composite material, layup orientation and number of layers (two) are used for manufacturing, any difference in the structural or aerodynamic behavior can be attributed to the addition of the sweepback angle alone.
Wing geometries were designed using in-house design software [23] and the layup tools/moulds were machined on a 3-axis CNC machine. The moulds are machined from high density tooling board. After machining on the CNC mill, the wing moulds were not perfectly smooth due to the scalloping of the ball end-mill, and so slight sanding was required for a smooth finish. Accuracy is achieved by first applying a light trace coat of black spray paint to the mould surface and then sanding until all painted regions are gone. Figure 3 shows the wing moulds (pictured after wings are manufactured). Two layers of T300/934 plain-weave carbon fiber epoxy prepreg composite are then laid on the Teflon® covered mould and the wings are oven cured, under vacuum, at 126°C for 4 hours, using appropriate vacuum bagging consumables. Both the composite layers are laid in a ±45°orientation with respect to the wing center chord line due to considerations discussed earlier. 
VISUAL IMAGE CORRELATION
Experimental characterization of bendable wings involves full-field shape and deformation measurements of the wing. Continuous monitoring of the root airfoil and the complete wing shape is required during the compliance check, the load stiffening ability study, as well as the long term storageinduced creep deformation measurement studies. A need for full-field basis non-intrusive experimental measurement techniques limits the selection to non-contacting optical methods, several of which have been reported in the literature.
Ifju [24] , Albertani [25] , and Stanford [26] were among the first researchers to use visual image correlation (VIC) technique [27] for the full-field basis deformation measurement of rigid and flexible MAV wings inside and outside the wing tunnel. Galvao et al. [28] use stereo photogrammetry for displacement measurements of a 12.9 cm by 5.9 cm membrane wing. With a camera spatial resolution of 0.2 mm per pixel and direct linear transformation to achieve maker co-ordinates, they reported a measurement uncertainty of ±35 µm for in-plane measurements and ±40 µm for out-of-plane measurements. Data is available at discrete makers placed along the wing. Jacob et al. [19] also use photogrammetry to measure the deformed wing shape of inflatable wings to quantify the effect of wing warping on its aerodynamics. Fleming et al. [29] use projection moiré interferometry (PMI) that requires no such marker placement (a fringe pattern is projected onto the wing surface), and the resulting data set achieved is full-field. However, with camera spatial resolution on 0.22 mm/pixel, displacement resolutions reported are relatively poor (250 µm), the dual-camera system must be rotated during the angle of attack sweep, and only out-of-plane data is available, making in-plane strain calculations, if required, impossible.
In the present study, a visual image correlation system, originally developed by researchers at the University of South Carolina [27] and now commercially available from Correlated Solutions Inc, is used to measure wing geometry and displacements. VIC makes use of stereo-triangulation: recovering 3-D structure from two imaging sensors, similar to human vision. The first step is to calibrate the VIC system using a known fixed grid of black and white dots. This gives the VIC system information concerning the length scale (pixel spacing) and the locations of the camera with respect to the experimental space. The specimen surface is painted with a random speckle pattern and its images are taken before and after the deformation. By tracking a subset in the images, stereo-correlation matches the two 2D images taken simultaneously by the twin cameras to reconstruct the 3D geometry (spatial matching). Then temporal matching is utilized; by tracking a subset, at a time, of the reference image (taken with no load) to the region in the deformed image that maximizes a normalized cross-correlation function, full-field basis displacements are calculated. Additional accurate grey-value interpolation schemes [30] are implemented to achieve optimal sub-pixel accuracy without bias. Typical data results that can be obtained from the VIC system consist of the geometry of the surface in discrete x, y, and z coordinates and the corresponding displacements along the wing (u, v, and w). Post processing options in the VIC system can give the curvature and strain information.
Estimation of theoretical in-plane displacement accuracy [25] is possible with the knowledge of the VIC setup. Considering the typical values for the wings tested during this work and the test setup, we obtain the best theoretical in-plane target displacement accuracy of 7.6 µm. Out-of-plane displacement accuracy is about twice the in-plane displacement accuracy, also reported by Albertani [25] and Stanford et al. [31] 
WING COMPLIANCE IN THE FOLDING DIRECTION
In this compliance study, each wing is clamped on a long C-shaped structure at its two mounting points to enable free rolling of the wings without introducing any rigid body motion due to movement of the support points. The wing upper surface is coated with an even thin coat of flat white paint and the random speckles are created using a flat black spray paint (Figure 4 ). A high resolution visual image correlation technique is used to study the compliant nature of the bendable wings. Twin synchronized cameras, each looking from a different viewing angle, are installed above the wing. The wing is normally mounted on the fuselage through two holes that are drilled into the root airfoil section (Figure 4) .
The chordwise position of these holes bound an imaginary line on the root airfoil which is approximately straight when the wing is in deployed condition and also remains straight after the wing is rolled for storage. Such a mounting enables easy wing bending without introducing significant chordwise strains caused by chordwise pushing or pulling offered by mounting points on the wing or vice versa.
A reference image for individual wings is taken when the wings are in a deployed condition. Appropriate rolling moments are applied on the individual wings while monitoring the section of the wing close to its root airfoil. Upon application of a bending moment (tip force) for folding, both the straight and the swept cambered wing showed a compliant nature. The root airfoil flattens out upon folding the wings, as shown in Figure 5 .
Further application of the rolling moment causes the local airfoils at various spanwise locations to progressively flatten out, enabling the wing to be rolled into a cylindrical shape and stored inside a canister. The swept cambered (load stiffening) wing requires a marginally higher rolling moment than the straight cambered wing, but both the wings could be easily rolled with little human effort.
WING LOAD STIFFENING ABILITY IN POSITIVE FLIGHT LOAD DIRECTION
To study the behavior of the bendable wings under various (positive) loading conditions, a special three point bend test fixture is developed for testing wings on a MTI universal tensile testing machine. The individual wings are supported at two locations and a downward force is applied at the aircraft center of gravity location (close to the wing root's quarter chord location). To determine the two support points on the wing, both the straight and the swept camber wings are analyzed with Athena Vortex Lattice (AVL) [32] . AVL employs an inviscid, extended vortex lattice model for the lifting surfaces and is useful for the aerodynamic and flight-dynamic analysis of aircraft of arbitrary configuration. In AVL, wing geometry at various spanwise stations is defined along with the normal flight conditions. AVL gives wing aerodynamic coefficients as well as the aerodynamic pressure distribution over the wing. The effective center of pressure on each wing half is then calculated and used as a support location during the three point bend test. The test setup is configured in order to fix the stereo cameras looking down on the speckled wing test specimen's upper surface ( Figure 6 ). Individual wings are mounted at the root airfoil section on a C-shaped bracket through their fuselage mounting holes and the loading point is adjusted to apply the load at the center of gravity location of the vehicle. This is thought to closely simulate the actual flight loading condition on the wing. A downward pulling force is applied at the wing center section using the MTI universal testing machine ( Figure 6 ). An initial preload is applied on individual wings to force them to touch the supports and attain a stable configuration for further loading. Loads are measured using a standard calibrated load cell of 1000 lbf (~ 4500 N) capacity available from Interface Inc. The rated maximum error in the load measurement is ± 0.1 lbf (± 0.45 N). The VIC setup permits the accurate measurement of the three dimensional geometry of the wing under each loading condition.
First, the undeformed shape of the straight camber wing and the swept camber wing is measured. Increasing loads are applied to the center section and the new shapes are compared with the undeformed shapes. Figure 7 shows the initial undeformed (z/c) shape and final buckled shape of the straight camber wing, while Figure 8 shows the same for the swept camber wing. As can be seen, due to the nature of loading, the tip area moves up and in the buckled stage both the wings lose their camber at the root airfoil while maintaining their camber in the tip region. Using VIC, the change in the camber of the wing root airfoil is monitored throughout the loading history. The out-of-plane (w) displacement of the loading point location on the root airfoil is also monitored. Loading is continued until the wings buckle at the root area, marked by a loss of the wing camber at the root airfoil: the structure is no longer able to sustain the applied loads (change in slope or negative slope of the load versus displacement graph). Figure 9 shows the plot of applied center load versus change in chord normalized camber at the root airfoil (left) as well as the plot of the applied load versus chord normalized out-of-plane displacement of the loading point location on the root airfoil (right). Due to the preloading used in the experiment, the initial camber at the root airfoils is slightly different than the design camber. The starting camber is consistent with the structural behavior shown by two wing geometries throughout the loading history. On the initial load application, straight camber wing starts to lose its camber at the root airfoil whereas, the swept camber wing starts gaining camber. As the load increases in the swept camber wing, the leading edge of the root airfoil moves downward, increasing its moment of inertia and the wing stiffness. The root camber of the swept camber wing is found to increase (Figure 9 , left, red line against dashed vertical blue straight line), as a result, a higher incremental load is needed for additional incremental displacement of the loading point (Figure 9 , right). The swept camber (load stiffening) wing continued to increase its root camber as the load is increased before buckling at a higher load than what the straight camber wing could support.
As can be seen in Figure 9 , the straight camber wing can support a maximum load of 9 N before buckling, whereas the swept camber wing can support a maximum load of 30.74 N. Based on the UAV maximum take of weight of approximately 0.44 kg (~ 4.3 N), this provides a load factor greater than 7 g's for the swept camber wing as compared to vertical load factor of 2 for the straight camber wing. The plot of load versus change in chord normalized root camber (Figure 9 , left) captures the load stiffening behavior of the wing and gives the maximum load carrying capacity of the wing. For further optimization studies, analysis of such a plot alone would help understand and compare load stiffening abilities and load carrying capacities of different wing geometries. The actual shape of the root airfoil is shown in Figure 10 for each wing as the center load is increased. The location of the fuselage mounting holes on the wing also plays an important role in deciding the maximum load carrying capacity or buckling load, as termed in this study. Straight-forward testing shows that moving the front mounting hole forward towards the leading edge helps in increasing the buckling load carried by the wing.
STORAGE-INDUCED CREEP DEFORMATION MEASUREMENT
The carbon/epoxy composite used for manufacturing the bendable UAV wings possesses viscoelastic behavior. Application conditions may require storage of the bendable UAV wing in the rolled condition inside a canister for an extended period of time. Due to creep effects, after extended storage, the wing may not deploy to the desired shape. This might affect the aerodynamic performance of the UAV in a negative manner if the creep deformations of the wing are excessive.
To quantify the creep deformations and to check if introduction of sweepback plays any role in increasing or decreasing creep deformation/residual strains, a creep deformation measurement study on straight camber and swept camber wings is performed. For this study, both the wings are rolled and stored inside a 4.5 inch diameter composite canister. The canister is then kept inside an environmental chamber at 70°C for 24 hours duration. The 2200 watt environmental chamber has a resolution of 0.02°C and can maintain the set temperature within ± 1°C. Considering the time-temperature superposition principle [33] and the creep master curve developed for the material [34] , the storage conditions used in the study are expected to simulate approximately 20 months of storage at room temperature. To monitor folding and later residual strains, a CEA-06-250UR-350 rectangular strain rosette available from Vishay Micro-Measurements is used. The strain rosette is bonded on the underside (pressure side) of the wing, close to the individual wing mid-span and mid-chord location. Strains are monitored throughout the storage duration, as is the residual strain when wing is deployed after the storage period. Table 1 details spanwise strains observed in the wings. The previously detailed VIC experimental setup is utilized to study fullfield basis creep deformation of the wings. An image is taken before rolling/storing and another is taken after the storage period: correlation of the two gives the out-of-plane deformation/permanent set caused by creep. Since the strain rosette is on the underside of the wing, the observed strain readings are compressive in nature. Upon initial folding, strains along the spanwise direction are observed to be of similar magnitude for both the wings. After 1 hour of recovery, residual strain in the swept camber wing was lower than the straight camber wing, which might indicate that increased stiffness due to addition of sweepback helps in reducing the residual strains.
The out-of-plane creep deformations (w in mm) measured after 1 hour of recovery, are shown in Figure 11 . Both the wings show a small spanwise unsymmetry (about the root airfoil) in the measured creep deformations. When the wing is folded into the storage canister, one wing tip is forced to lie inside the other tip, which presumably corresponds to the slight difference in the creep deformation pattern across the halves of the wing.
For the straight camber wing, VIC measurements indicated maximum positive out-of-plane deformation of +1.42 mm (red area) near the leading edge (bending up in normal flight condition), while the trailing edges at the tip show a -1.6 mm (light blue area) deformation of the wing (remain bent down in normal flight condition). For the swept camber wing, a maximum positive deformation of +1.9 mm is observed at the leading edge near the root airfoil and a -3 mm deformation is observed near the leading edge of the tip. The deformations for both the wings near the root airfoil leading edge and trailing edge follow expected pattern. When the wing is rolled to fit inside a cylinder, the leading edge of the wing near the root area moves up and the trailing edge moves down so as to flatten out the airfoil (see Figure 5 ). Due to the creep effects, the leading edge does not completely recover and remains up, showing positive deformation. Similarly, the trailing edge shows a negative deformation.
The negative deformation of the leading edges in the tip area for the swept camber wing is emblematic of the complex behavior of a three dimensional wing shape when it is stored inside the canister. Due to sweepback the wing is stiffer and thus has a greater tendency to spring back to its original shape. Simultaneously, the inside surface of the canister is forcing the top point (maximum camber point) of the tip airfoil down, thus twisting the wing. The incomplete recovery of this twist causes negative deformations to appear near the leading edge of the tip area. The overall creep deformations in both the wings are relatively small however, and are not expected to affect the wing aerodynamics significantly. The pitching moment change caused by the creep deformations is expected to be in the operating range of the small horizontal stabilizer incorporated on the actual MAV/UAV. \ Figure 11 . Measured out-of-plane creep deformation of the straight camber wing (top) and swept camber wing (bottom) after being stored at 70° C for 24 hour (picture 1 hr after unfolding). the open jet test section makes a transition from a square cross-section to a 1.5 m diameter circular section which houses an axial fan driven by a 50 HP electric motor. The wind tunnel is capable of test speeds ranging from 0 to 22 m/s with turbulence levels below 0.16%. The wind tunnel flow velocity is monitored by a pitot probe installed in the inlet of the test section, and the air temperature is monitored by a resistance temperature detector (RTD) sensor mounted on the inside of the test section. Further details of the wind tunnel are given by Albertani et al. [35] A calibrated six component strain gauge internal sting balance is used to measure the aerodynamic coefficients. The rated maximum error in force and moment measurements is about ± 0.075% of full scale (45 N normal and 22.25 N axial force). A sampling rate of 1000 Hz is used and at each angle of attack data is averaged based on a 2 second sampling time. To reduce bias and hysteresis effects introduced due to the monotonically increasing AOA, the AOA sweep is randomized. Three repetitions are performed at each AOA and Reynolds number setting. Considering the error in AOA, wing area, chord measurement and standard deviation of repeat measurements, the expected maximum uncertainty (95% confidence interval) in the aerodynamic coefficient measurement is estimated to be ± 5% for C L , C D , C m and ± 7% for L/D ratio. Both the wings are tested at mean aerodynamic chord-based Reynolds number of 5x10 4 and 7x10 4 . Aerodynamic behavior at both these Reynolds numbers is essentially the same. Data corresponding to Re = 7x10 4 , after streamline curvature correction and downwash correction is presented below. Pitching moment coefficients reported are measured about 25% of the mean aerodynamic chord.
WIND TUNNEL AERODYNAMIC MEASUREMENTS
No noticeable difference is observed in the lift characteristics of both the wings till near the stall region ( Figure 12 ). The initial lift curve slope (C La ) for both the wings is observed to be the same. Between 11°to 14°AOA the swept camber wing is found to generate higher lift (C Lmax of 1.09) than the straight camber wing (C Lmax of 1.05). At low AOA, the swept camber wing showed marginally higher drag (C D ) than the straight camber wing. Lift, drag and resultant L/D ratio behavior ( Figure 13 ) can be divided into two segments until the stall. For C L < 0.6, the drag for the swept camber wing is higher, resulting in marginally lower aerodynamic efficiency. In this segment, the highest L/D ratio for the straight camber wing is 8.4 while for the swept camber wing it is 8.27, observed at C L~ 0.55 (corresponding to AOA~ 5°). In the second segment of C L > 0.6 and before the stall, the lift characteristics for both the wings is similar while the drag behavior and as a result L/D ratio curves for both the wings are intertwined. At high AOA the aerodynamics is dominated by laminar separation effects finally resulting in stall. The swept camber wing shows an important advantage in terms of higher static longitudinal stability (Figure 13 ), offering higher dC m /dC L derivative. With the increased sweepback angle, the aerodynamic center of the wing as well as the wing center of gravity and as a result total aircraft center of gravity is expected to move aft. Change in center of gravity location of aircraft will be smaller due to small mass contribution of the thin wing; thus the net result is improvement in the wing static stability margin. Addition of sweepback angle is thus found not to affect the aerodynamic efficiency of the wing much while improving its static longitudinal stability. 
CONCLUSIONS
The bendable load stiffening wing has a unique ability to load stiffen in the positive flight load direction, while remaining compliant in the other (folding/packing) direction. The compliant nature is demonstrated experimentally using a VIC system. When a rolling moment is applied at the tip area, the root airfoil is shown to lose its camber and flattens. With the continuation of the applied rolling moment the wing is able to be rolled into a cylindrical shape. This enables compact storage of the bendable wings inside a small diameter canister. The addition of quarter chord sweepback gives a load stiffening ability to the wing and increases its load carrying capacity. To verify and quantify the load stiffening effect, a three point bend test setup and a high resolution VIC system is used. Center of pressure locations on individual wing halves, as determined using the AVL panel code, are used as two support locations in the test and an increasing downward force is applied at the center of gravity location of the aircraft. While a straight camber wing could support a maximum load of 9 N (~ 2 g's load factor), the swept camber wing (load stiffening wing) supported 30.74 N central load (~ 7 g's load factor). The leading edge of the load stiffening wing is found to move down increasing its root airfoil camber and wing stiffness with increase in the central load. This gave higher load carrying capacity to the load stiffening wing. More sweepback could potentially further increase the load stiffening ability and the load carrying capacity of the wing. The locations of the fuselage mounting holes drilled on the wing also play an important role in deciding the wing buckling load. A quick check shows that moving the front mounting hole more towards the leading edge helps to improve wing load carrying capacity.
Since bendable wings might be stored inside a canister for a long duration before the MAV/UAV is deployed, VIC analysis is also used for the creep deformation measurement of the wings. Sweepback introduced in the wing resulted in stable wing geometry with higher flexural stiffness than the wing with straight camber. The magnitude of residual strains after storing the wing at 70°C for 24 hours is reduced for the wing with swept camber (load stiffening wing) than the wing with a straight camber. Permanent deformation caused by creep is thought to be within acceptable limits.
Wind tunnel tests performed at 7x10 4 Reynolds number show the addition of sweepback angle does not have significant effect on the wing aerodynamic efficiency with both the straight camber and the swept camber wing showing similar L/D ratios. The sweepback also helps in improving the static stability of the wing. Thus with the addition of sweepback angle, the load stiffening wing (swept camber wing) has a clear advantage over straight camber wing. It offers stiffness improvement, provides load stiffening ability and reduces storage induced creep residual strains while maintaining the aerodynamic efficiency of the wing and improving the static stability margin.
